Abstract: Near-infrared (NIR) spectroscopy is a rapid nondestructive technique that has been used to characterize chemical and physical properties of a wide range of materials. In this study, transmittance NIR spectra from thin wood wafers cut from increment cores were used to develop calibration models for the estimation of α-cellulose content, average fiber length, fiber coarseness, and lignin content in the laboratory. Eleven-year-old trees from two sites were sampled using 12-mm increment cores. Earlywood and latewood of ring 3 and ring 8 from these samples were analyzed in the laboratory using microanalytical methods for α-cellulose content, average fiber length, fiber coarseness, and lignin content. NIR calibrations and laboratory measurements based on one site were generally reliable, with coefficients of determination (R 2 ) ranging from 0.54 to 0.88 for average fiber length and α-cellulose content, respectively. Predicting ring 8 properties using ring 3 calibration equations showed potential for predicting α-cellulose content and fiber coarseness, with R 2 values of approximately 0.60, indicating the potential for early selection. Predicting the wood properties using the calibration equations from one site to predict another showed moderate success for α-cellulose content (R 2 = 0.64) and fiber coarseness (R 2 = 0.63), but predictions for fiber length were relatively poor (R 2 = 0.43). Prediction of lignin content using transmittance NIR spectroscopy was not as reliable in this study, partially because of low variation in lignin content in these wood samples and large errors in measuring lignin content in the laboratory.
Introduction
Improvement of growth, stem straightness, disease resistance, and specific gravity has been the primary focus of tree breeding, owing to their economic importance and ease of measurement (Zobel and Talbert 1984) . Large genetic gains in growth, stem form, and rust infection from two breeding cycles have been documented for loblolly pine (Pinus taeda L.) (Li et al. 1999 ), but relatively little work has been done in this species on improving wood properties, except specific gravity. Chemical and morphological wood properties, including α-cellulose content, average fiber length, and fiber coarseness (hereinafter referred to as fiber length and coarseness, respectively) can have major impacts on pulp and paper products (Zobel and Talbert 1984; Kerekes and Schell 1995; Kube and Raymond 2002) . The α-cellulose content is highly correlated with pulp yield (Kube and Raymond 2002) . Increasing the α-cellulose content in wood would reduce pulping costs and increase the efficiency of pulp and paper mills (Zobel and Talbert 1984) . Fiber length also plays an important role in the pulp and paper industry. Long fibers yield paper with greater tensile and tear strength for products such as cardboard and paper bags (Myers 2001 ). Short fibers are preferred for products such as fine printing paper, where surface smoothness and resistance to ink bleeding are important. Coarseness is the total mass of a sample of fibers divided by the total length of all fibers. Coarser fibers tend to have large lumens, therefore it is difficult to separate the effects of lumen size and wall thickness (Kerekes and Schell 1995) . Lower coarseness values result in easier fiber collapse, allowing better bonding of fibers and the formation of dense paper with a smooth surface. Wood with higher coarseness values yields pulp and paper products with higher bulk, which is beneficial for products requiring higher absorbance and (or) greater stiffness to bending.
One of the limitations in genetic improvement of wood is the difficulty of measuring these traits on many trees and in progeny trials. To obtain an accurate assessment of a breeding population, analyses of many trees are required in progeny tests. Traditional laboratory methods for measuring the chemical properties of wood are expensive and time-consuming. Recently, a microanalytical technique has been developed to screen the chemical properties of progeny-test trees using a small sample of wood (Yokoyama et al. 2002) . Using this method, genetic variation in a number of properties was identified in a large loblolly pine progeny test (Sykes et al. 2003) . Although this analysis is more rapid than previous chemical analyses, it is still costly and time-consuming, particularly for a large progeny test. Therefore, a more rapid and inexpensive screening technique is needed to allow wood properties to be incorporated into breeding programs.
Near-infrared (NIR) spectroscopy is a rapid, nondestructive technique that has been used to characterize diverse substances such as pharmaceuticals and wood. NIR spectroscopy has successfully been used to characterize wood and fiber properties (Wright et al. 1990; Michell 1995; Raymond et al. 2001b; Schimleck and Evans 2003; Kelly et al. 2004) . Most NIR studies use reflectance NIR spectroscopy to predict the wood properties of wood meal or solid wood (Raymond et al. 2001a; Jones et al. 2005) , but reflectance measurements suffer from several limitations, the most serious being the small penetration depth (1-4 mm) into the sample. Thus, when using reflectance measurements the uniformity of particle size becomes very important (Schimleck et al. 2001 Schimleck and Evans 2002) . The milled wood must be screened to remove the larger particles to ensure uniformity of the sample. For nonhomogeneous samples such as wood, this limited penetration can lead to variable results and a strong dependence on sample size and preparation technique. Furthermore, because a large amount of wood meal is typically used to represent the sample of interest, independent measurements of individual rings for earlywood and latewood are not possible.
In contrast, transmittance techniques can allow full penetration of the sample (depending on thickness), are less sensitive to particle-size effects, and permit analysis of smaller wood samples. Yeh et al. (2004) recently reported the use of transmittance NIR spectroscopy to study lignin content in earlywood and latewood from 12-mm increment wood cores. In this paper, we examine the use of transmittance NIR spectroscopy to measure α-cellulose content, fiber length, coarseness, and lignin content of juvenile wood and transition wood in loblolly pine. Using 12-mm increment cores of 11-year-old loblolly pine trees, earlywood and latewood of juvenile and transition rings were evaluated by transmittance NIR spectroscopy, and their relationships with laboratory data were tested to determine the usefulness of this technique for predicting wood properties in breeding programs.
Materials and methods

Wood-sample collection
Samples of wood from loblolly pine trees from tests of field-grown progeny were collected and processed as described previously (Sykes et al. 2003) . Briefly, 14 full-sib families generated by a six-parent half-diallel mating design were tested in the Piedmont of South Carolina. A randomized complete-block design with six replications was used in the field. Each full-sib family was laid out in a six-tree row plot in each replication. Wood-core samples from 11-yearold trees were collected from two sites in South Carolina. Increment cores (12 mm) were taken from each tree at breast height (approximately 1.30 m) using generator-powered drills. Wood cores having visible limbs, curves, resin pockets, compression wood, or rust infections were avoided. The samples were placed in plastic storage bags, labeled, and kept in coolers to retain moisture during material collection and transportation. In this study, 40 trees from two full-sib families were sampled on site A and another 30 trees from three full-sib families were sampled on site B. The two sites were within 15 miles of each other in South Carolina. Trees on site A, which was located in a river bottom, had faster growth and greater uniformity than those on site B, which was established in the upland Piedmont.
Measurements of wood properties
The bark and cambium were removed from the wood cores and the cores were split at the pith into two halves. Thin wafers (200 µm) were cut with a microtome from ring 3 earlywood (3E), ring 3 latewood (3L), ring 8 earlywood (8E), and ring 8 latewood (8L) from each wood core. These rings were chosen to represent the juvenile (ring 3) and transition (ring 8) sections of the tree (Sykes et al. 2003) . With 70 increment cores and four ring segments per core, there were approximately 280 samples. Each ring sample consisted of wood wafers that weighed at least 300 mg. Sixteen wood wafers were randomly taken from each ring and wood type, measured using NIR spectroscopy, and then saved for cellulose determination. The wafers were pressed between glass microscope slides under small weights to ensure flatness during the drying process. Wafers with noticeable variation in thickness were discarded. Prior to NIR analysis, each sample was placed in a vacuum desiccator with P 2 O 5 for 2 days to remove moisture.
Wood wafers were analyzed using a NIR spectrometer (Foss Model 6500). A single wafer was scanned to measure the amount of NIR light (600-1900 nm) transmitted through the sample. To ensure uniformity, fiber orientation was kept constant for all samples, and samples were analyzed in a dry condition. The 16 spectra for each ring and wood type were averaged to create one spectrum, which was used for the calibration equations, with α-cellulose content, fiber length, coarseness, and lignin content estimated in the laboratory (Sykes et al. 2003) .
These wood wafers were used for chemical analysis in the laboratory. Using a microanalytical technique developed by Yokoyama et al. (2002) , several wood properties, including lignin content, α-cellulose content, fiber length, and coarseness, were determined for each ring (rings 3 and 8) and for the wood types earlywood and latewood. Descriptive statistics for the wood properties were calculated and are reported in Table 1 . Laboratory standard errors were calculated by repeating measurements of α-cellulose content, fiber length, and coarseness three times and lignin content twice, for approximately 50 samples.
Calibration of NIR-spectroscopy data
The NIR spectrometer produced spectra from 600 to 1900 nm in 2-nm increments, which were converted to the second derivative to remove the baseline offset and sloping effects that are common in NIR spectra (Thosar et al. 2001) . The second-derivative data showed noise at both ends of each spectrum ( Fig. 1) , therefore calibration equations were based on a reduced spectrum. Michell and Schimleck (1996) report that one of the major bands for prediction of α-cellulose content occurred at 1477 nm, whereas a major band for prediction of lignin content occurred at 1668 nm. Following this report, calibrations for coarseness, fiber length, and α-cellulose content were based on wavelengths from 800 to 1600 nm ( Fig. 1) , and calibrations for lignin content were based on wavelengths from 800 to 1750 nm.
The coefficient of determination (R 2 ) was estimated between the laboratory chemistry data and the values predicted by NIR spectroscopy using partial least squares regression models. The number of factors to be used in each calibration model was chosen by determining when the mean square error of cross-validation reached a minimum and started to plateau (Miller 1989) . In addition to R 2 , the standard error of calibration (SEC) was used to evaluate how precisely the regression line fit the data:
where $ y i is the value of the constituent for validation sample i estimated by the calibration model; y i is the known value of the constituent of sample i; NC is the number of samples used in the development of the calibration equation; and k is the number of factors used to develop the model (Workman 1992; Raymond and Schimleck 2002) . SEC is the standard deviation of the residuals that is due to the difference between the wet-chemistry data from the laboratory and the values predicted by NIR spectroscopy within the calibration set (Mark and Workman 1991; Bailleres et al. 2002) . The standard error of cross-validation (SECV) was also determined to measure how well the calculated equations predicted the samples that were not used to create the calibration set (FOSS NIRSystems 2001). The SECV is given by [2]
where j is the number of factors used to develop the calibration equations; x i is the known value of the constituent for sample I; $ x ij is the value of the constituent for sample i predicted by the model (excluding sample i) developed with j factors; and n is the number of samples (Schimleck et al. 1999) . Cross-validation involves dividing the calibration set randomly into four equal-sized segments. One segment is excluded and the other three segments are used to develop a partial least squares model. This model is then checked to determine how well it fits the samples in the excluded set. This process is repeated four times to validate all the samples and provide an estimate of SECV (Schimleck et al. 1999) . A prediction function was used to predict a set of unknown data using the previously established calibration equations to produce the standard error of prediction (SEP) as well as the R 2 value for the prediction set. The SEP is given by
where $ y i is the value of the constituent for prediction sample i predicted by the calibration model; y i is the known value of the constituent of sample i; and NP is the number of samples used in the prediction set (Workman 1992) .
Calibration models for each data set (combined data, individual site data, individual ring data, and earlywood and latewood data) were developed using 75% of the samples, while the remaining 25% of samples were used for validation of the models. Each ring sample (3E, 3L, 8E, and 8L) was analyzed individually to test whether earlywood and latewood produced different results. The calibration equations from site A with a higher R 2 value were used to predict wood properties on site B. Ring 3 equations were used to predict ring 8 data for examining how well the equations can be extrapolated on relatively different data sets. Similarly, calibration equations based on site A were used to predict data collected from site B.
To minimize the variation in thickness of wood wafers and variation within the ring, several mathematical options were tested. The partial least squares analysis was completed by using the multiplicative scatter correction, whereas the second derivative was used to standardize the data and eliminate some of the variation in NIR intensity due to differences in thickness. Using multiplicative scatter correction, the light scattering or change in path length for each sample is estimated relative to that of an ideal sample, effectively reducing spectral noise (Naes et al. 1990 Fig. 1 . Examples of second-derivative NIR spectra for ring 3 earlywood (3E), ring 3 latewood (3L), ring 8 earlywood (8E), and ring 8 latewood (8L) for one increment core. Cutoff points used for α-cellulose content (ACY), fiber coarseness (COA), and average fiber length (FLW) were wavelengths 800-1600 nm, whereas cutoff points for lignin content were wavelengths 800-1750 nm.
were examined, these did not improve the calibration equations and so are not reported.
Results
NIR-spectroscopy calibrations
The fitted calibration models of α-cellulose content, coarseness, and fiber length with NIR spectra showed linear relationships between NIR-spectroscopy and wet-chemistry data (Table 2 ). For the combined site analysis, regression models based on the whole data set with samples 3E, 3L, 8E, and 8L resulted in higher R 2 values than subsets broken out by earlywood-latewood or ring 3 -ring 8 ( Table 2 ). The range of R 2 values for α-cellulose content was between 0.56 and 0.63 for the two wood types and the two rings, whereas the coefficient increased to 0.75 for the whole-core data set (Fig. 2) . Results from NIR spectroscopy explained the lower percentages of variation in laboratory measurements of coarseness (R 2 = 0.64) and fiber length (R 2 = 0.43). The calibration models for lignin content had low R 2 values, that is, a low association (R 2 = 0.16) of laboratory data for site B with the NIR-spectroscopy predictions (Fig. 3) Note: The number of factors for these calibration equations ranged from three to six. R 2 is the coefficient of determination, SEC is the standard error of the calibration, SECV is the standard error for cross-validation, ACY is α-cellulose content, COA is fiber coarseness, and FLW is average fiber length. Sample sizes (n) are approximate because some values are missing. Table 2 . Linear regression models fitted to predict wood properties measured using wet chemistry from nearinfrared spectra for site A, site B, and the two sites combined for latewood (3L and 8L), earlywood (3E and 8E), ring 3 (3E and 3L), ring 8 (8E and 8L), and for combined data (3E, 3L, 8E, and 8L). a low R 2 value (R 2 = 0.37) with the complete data. Owing to the poor association of lignin content with NIR spectra on site B, lignin content was not included in further analysis.
NIR-spectroscopy calibrations by site
Regression models based on site-A data showed higher R 2 values than those based on site-B data (Table 2) . Relationships between the NIR-spectroscopy data and laboratory α-cellulose contents were strongest for all the individual data sets and R 2 values ranged from 0.68 to 0.88. Relationships between NIR-spectroscopy data and laboratory measurements for coarseness and fiber length were moderately strong for site A. The latewood and ring 8 data sets yielded the highest R 2 values, with slightly higher standard errors than the earlywood and ring 3 data sets on site A.
Regression models based on site-B data showed smaller R 2 values for all traits. The best calibration equation for α-cellulose content had an R 2 value of 0.70 for the earlywood data on site B compared with 0.73 for site A (Table 2) . In general, all standard errors for site B were higher than those for site A. Standard errors (SEC and SECV) for coarseness on site B were approximately twice those reported from site A. Similarly, standard errors for fiber length on site B were generally 1.5 times higher than those from site A. When all ring measurements were combined into one data set (3E, 3L, 8E, and 8L), calibrations resulted in stronger relationships for both sites, with R 2 values ranging from 0.72 to 0.86 on site A and from 0.55 to 0.73 on site B (Table 2) .
Predictions of NIR spectra between sites
Whole-core calibration equations based on site A resulted in higher R 2 values and were used to predict the wood properties of the trees on site B. Using the calibration equations for α-cellulose content and coarseness for site A to predict the NIR spectra that would be obtained from the site-B data yielded R 2 values of 0.64 and 0.63 (Fig. 4) Fig. 3 . Calibration data for individual sites used to predict lignin content (LIG) using NIR spectra. The standard error of calibration (SEC), standard error of cross-validation (SECV), and Rthan the SEC found on site A, and the SEP of coarseness was twice the SEC (Table 2) . Fiber length on site B was not well predicted from that on site A, with a low R 2 value of 0.43 and a SEP that was nearly twice the SEC from site A.
Ring 3 calibration equations were used to predict the values for ring 8. The predictions of α-cellulose content yielded a positive relationship, with R 2 = 0.60 and a SEP of 3.53% (Fig. 5) . Ring 3 prediction equations for coarseness of ring 8 resulted in a higher R 2 value (0.68) than using the ring 8 data independently (R 2 = 0.52) with a SEP of 0.08 (Table 2) . A noticeable separation of earlywood and latewood was apparent in the coarseness distribution (Fig. 5) . Latewood coarseness values were higher than those for earlywood, and separate into clusters in the graph. Fiber length predictions were not made, owing to the lower R 2 values.
Discussion
NIR transmittance provided relatively reliable calibrations for predicting α-cellulose content in juvenile loblolly pine (Figs. 2, 5) . The standard errors of calibration and prediction ranged from 1.43% to 3.55%, depending on the data set that was used (Table 2, Fig. 5 ). The standard errors for α-cellulose content were higher, with slightly lower R 2 values than those reported by Raymond and Schimleck (2002) using Eucalyptus globulus and Schimleck et al. (2004) using Eucalyptus nitens. Different laboratory methods for determining α-cellulose values may lead to the higher errors in this study. Another difference was that the wood samples (3E, 3L, 8E, and 8L) were maintained separately for NIR-spectroscopy analysis, whereas in other studies ground wood meal was used for α-cellulose determination.
Reliable α-cellulose content determination is important to the pulp and paper industry because α-cellulose content is highly correlated with pulp yield (duPlooy 1980; Wright et al. 1990; Wallis et al. 1996a, 1996b; Schimleck and Michell 1998; . If tree breeders can use NIR spectroscopy to rapidly and cost-effectively screen progeny tests to select trees with high α-cellulose content, selected trees can be bred to improve pulp yields in plantations. Because a relatively high degree of genetic control was found in a population of juvenile loblolly pine (heritability ranged from 0.38 to 0.55 for juvenile and transition wood; Sykes et al. 2003) , the α-cellulose content could be improved by means of a breeding program using NIR spectroscopy for rapid screening and selection.
Fiber length calibrations varied in R 2 value from 0.40 on site B to 0.70 on site A ( Table 2 ). The results suggest that environmental factors such as site differences may affect fiber length more than the other two traits. This was evident when data from both sites were used to create calibration equations. Correlations based on the whole-core data set were lower than those from individual sites and the corresponding SEC was higher (Table 2) .
NIR spectroscopy is used mainly to measure overtone and combination bands of the fundamental stretching vibrations of O-H, N-H, and C-H functional groups that contain chemical and physical information about a sample (Barton 1989) . In this study, however, two physical properties of wood, coarseness and fiber length, were predicted moderately well using transmittance NIR spectroscopy. This may be due to their genetic correlations with α-cellulose content: r g = 0.37 and r g = 0.40 for fiber length and coarseness, respectively (Sykes et al. 2003) . Phenotypic correlations between α-cellulose content and fiber length (r p = 0.52) and coarseness (r p = 0.33) were similar. The predictability of coarseness and fiber length may be due to pleiotropic effects, in which the same genes affect multiple traits simultaneously. Although calibration equations for fiber length and coarseness had lower R 2 values than those for α-cellulose content, there were moderate associations that may be useful for using NIR spectra in predicting coarseness and fiber length.
The poor lignin-content calibration in this study may be due to the high laboratory standard error (Table 1 ). The site difference in the calibration equations may be due to environmental effects at these two sites and the high laboratory standard error. Yeh et al. (2004) used transmittance NIR spectroscopy to predict the lignin content of 12-mm wood Fig. 4 . Comparison of wood properties predicted using NIRspectroscopy calibration models from site A and laboratory measurements for samples from site B for α-cellulose content (ACY), fiber coarseness (COA), and average fiber length (FLW). The standard error of prediction (SEP) and R 2 value for each model are given (n = 99).
cores (R 2 = 0.81) for ring 3 earlywood using the Klason lignin method, which had less than half the standard error (SE = 0.30%) (Yeh et al. 2004 ) of the acetyl bromide method used in our study (SE = 0.64%; Table 1 ). Kelly et al. (2004) found slightly lower associations, with a correlation of 0.81 (R 2 = 0.66) for predicting lignin content using reflectance NIR spectroscopy on ground wood of one ring in loblolly pine. Similar prediction results were obtained in this study (R 2 = 0.83) when the data set was restricted to site A and ring 3 earlywood (data not shown). Thus, it seemed that prediction of lignin content using NIR transmittance could be promising, but accuracy in prediction may be depend on the method of lignin determination and the quality of the laboratory data.
The NIR spectra from site A may be used to predict the wood properties α-cellulose content and coarseness on site B with a moderate R 2 value of 0.63. Although, these R 2 values were lower than those for the individual site predictions, they may be sufficient for screening a large number of progenytest trees for ranking and selection purposes. On the other hand, the model of fiber length from one site may not be reliable for predicting fiber length on another site, as is shown by the low R 2 value (0.43) and high SEP (0.48 mm). Predictions between ring 3 and ring 8 were moderate for α-cellulose content (R 2 = 0.60) and coarseness (R 2 = 0.68). Ring 3 calibration equations explained 60% of the variation in equations for ring 8 α-cellulose content. Similarly, 68% of the variation in ring 8 coarseness was explained by ring 3 equations. The moderate R 2 values for α-cellulose content and coarseness indicated that NIR spectra may be used for early selection in wood properties. However, before these NIRspectroscopy prediction models can be used in a breeding program, more wood samples must be sampled to validate the predictions. More sites in different environments need to be sampled to examine environmental effects and estimate the genotype by environment interaction. Comparison of wood properties predicted using NIR-spectroscopy calibration models from juvenile wood (ring 3) and laboratory measurements for samples from transition wood (ring 8) for α-cellulose content (ACY) and fiber coarseness (COA). The standard error of prediction (SEP) and R 2 value for each model are given (n = 103).
